Metabolic heterogeneity among obese individuals may be attributable to differences in adipose cell size. We sought to clarify this by quantifying adipose cell-size distribution, body fat, and insulin-mediated glucose uptake in overweight/moderately-obese individuals. 148 healthy nondiabetic subjects with BMI 25-38 kg/m 2 underwent subcutaneous adipose tissue biopsies and quantification of insulin-mediated glucose uptake with steady-state plasma glucose concentrations (SSPG) during the modified insulin suppression test. Cell-size distributions were obtained with Beckman Coulter Multisizer. Primary endpoints included % small adipose cells and diameter of large adipose cells. Cell-size and metabolic parameters were compared by regression for the whole group; according to IR and IS subgroups; and by body fat quintile.
Background
The prevalence of overweight/obesity continues to rise in the United States and worldwide, contributing to increased risk for type 2 diabetes and cardiovascular disease. Among obese individuals, those at highest risk are those who are most insulin resistant (IR) (1) . The observations that 1) individuals with similar fat mass exhibit dramatic differences in insulin sensitivity (2) , and 2) among IR but not insulin sensitive (IS) individuals, dietary weight loss improves insulin sensitivity (3) , suggest that biological properties of adipose tissue, independent of fat mass per se, are important determinants of insulin resistance. In this regard, the role of adipose cell size and number is a topic of great interest. Increased body fat mass appears to be characterized by increases in both adipose cell size and number (4) (5) (6) , although this is somewhat controversial. Two studies show greater number of adipose cells in early-onset but not late-onset obese adults (4, 6) , and no increase in adipose cell number after puberty (6) . Cross-sectional studies show increase in cell size with increasing BMI until body fat mass exceeds 40kg, when cell number is noted to increase (10) . Short term overfeeding in humans leads to increased cell size among lean subjects (7, 8) , but not among obese subjects, who demonstrate only an increase in number of small cells with weight gain (9) . Overfeeding lean and obese mice yields similar data, showing increased adipose cell size followed by increased number (11) . Thus, it seems plausible that expansion of body fat mass initially is associated with initial increases in cell size, but once cells reach a maximum storage threshold, further increases in body fat require an increase in adipose cell numberthis has not been addressed with newer more quantitative and accurate methodologies.
Of equal importance is the relationship between adipose cell size and insulin resistance. Studies dating back to the 1970s show a positive association between human adipose cell size and elevations in plasma glucose and insulin (9, (12) (13) (14) after controlling for body fat (9) . In vitro, larger adipose cells exhibit decreased insulin-mediated glucose uptake (15) and greater lipolysis (16) . More recent clinical studies showed that larger adipose cell size is associated with systemic insulin resistance (17, 18) , family history of diabetes (19) , and future development of type 2 diabetes (20) . As such, hypertrophic, as opposed to hyperplastic, obesity is thought to be associated with metabolic risk.
The conclusions of all of these studies are limited by use of older methodologies that were either inaccurate, nonquantitative, or relied on the assumption that all adipose cells from a given depot were the same size. For example, estimating cell size by dividing total lipid extracted by an estimate or cell count can be dramatically influenced by inaccuracies in the cell count, and assumes all cells are the same size. Estimates from light microscopy are only accurate if an even distribution of fat cells is assumed and the cells are sectioned through their equators. We and others (4, (21) (22) (23) (24) have now clearly shown that both large and small cells exist. Using Beckman Coulter Multisizer III we can determine the average size of mature (large) adipose cells, unfettered by the proportion of smaller cells which would lower the mean size of the total cell population. Using this improved methodology we sought to test the hypothesis that accumulation of very small adipose cells with limited fat storage capacity and/or enlargement of already-mature adipose cells would be associated with insulin resistance, and to characterize differences in adipose cell size versus number in association with % body fat in overweight/obese nondiabetic individuals.
Methods

Subjects
Subjects included 148 individuals with BMI 25-38 kg/m 2 who were recruited via newspaper advertisements in the San Francisco Bay Area seeking "healthy volunteers" for evaluation of insulin resistance and body fat characteristics, or from the Stanford General Surgery clinic. The goal was to minimize the BMI range in order to evaluate the independent associations of cell size parameters with insulin resistance. For a secondary analysis of the cell size changes in relationship to body fat alone, however, we included an expanded subject population of 160 individuals with BMIs ranging up to 58 kg/m 2 (12 additional subjects with BMI >38 kg/m 2 ). All subjects were required to be nondiabetic, as defined by a fasting plasma glucose < 126 mg/dL, and in good general health with stable weight for at least 3 months prior to study entry. Individuals with a history of eating disorder or other active psychiatric conditions, major organ disease, including cardiovascular disease, gastric bypass surgery, liposuction, recent/current use of diet medications, heavy alcohol use, or pregnant/ lactating were excluded. The study was approved by the Stanford University Human Subjects Committee and the NIH/NIDDK Institutional Review Board, and all subjects gave written, informed consent.
Quantitation of insulin-mediated glucose disposal
Insulin-mediated glucose disposal was quantified by a modification (25) of the insulin suppression test as originally described and validated (26, 27) . Briefly, subjects were infused for 180 min with octreotide (0.27 μg/m2•min) to suppress endogenous insulin secretion, insulin (25 mU/m 2 min), and glucose (240 mg/m 2 •min). Blood was drawn at 10-min intervals from 150 to 180 min of the infusion for measurement of plasma glucose and insulin concentrations: the mean of these values was used as the steady-state plasma insulin (SSPI) and glucose (SSPG) concentrations for each individual. As SSPI concentrations are similar in all subjects during these tests, the SSPG concentration provides a direct measure of the relative ability of insulin to mediate disposal of an infused glucose load; the higher the SSPG concentration, the more insulin-resistant the individual.
Clinical and anthropometric data
Plasma glucose and insulin concentrations were measured as described previously (26) . Lipid and lipoprotein concentrations were measured as described previously (28) on fasting blood obtained the morning of the insulin suppression test. Other experimental measurements included weight, height, BMI calculated as weight (kg)/height (m) 2 , waist circumference, measured at end-expiration as the point midway between the iliac crest and lower costal margin, aerobic exercise, expressed as minutes per week, race/ethnicity, and blood pressure (average of 6 readings obtained on 2 separate days). Percent body fat (BF%) was calculated based on the formula of Deurenberg et al: BF% = 1.2 x BMI + 0.23 x age − 10.8 x sex − 5.4, were male sex = 1 and female sex = 0. Calculation of BF% using this formula is accurate within 0.3-0.5% of actual body fat % determined densitometrically (29) .
Adipose tissue biopsy and cell size analysis
Subcutaneous periumbilical adipose tissue biopsies were performed as previously described (23) . Two samples of 20-30 mg of tissue were immediately fixed in osmium tetroxide and incubated in a water bath at 37°C for 48 h as previously described (30), after which adipose cell size was determined via a Beckman Coulter (Miami, FL, USA) Multisizer III with a 400-um aperture. The effective cell-size range using this aperture is 20 to 240 um. The instrument was set to count 6,000 particles and the fixed-cell suspension was diluted so that coincident counting was less than 10%. After collection of pulse sizes, the data were expressed as particle diameters and displayed as histograms of counts against diameter using linear bins and a linear scale for the x-axis. Analysis of adipose cell-size distribution from Multisizer graphs (Fig. 1 , representative example) entailed, for each subject, identification of the nadir, which was defined as the midway point between which the two cell populations were present in increased frequency. The number of adipose cells below this point represented the "% small" cells. The cells to the right of the nadir are generally normally distributed. The diameter at which the Gaussian curve peaked was defined as the "peak diameter" of the large adipose cells. Given that adipose cells are not all the same size, the use of frequency histograms according to adipose cell diameter provides more detailed and accurate quantitative analysis of adipose cell size distribution than does reliance on mean size, which is influenced by not only size, but the relative number of cells with any given diameter. An increasing number of studies, using different methodologies, have now documented a high frequency of very small adipose cells (21, 23, 24, 31, 32) with 30% or more having diameters <50 um. Whether the optimal categorization of cell subgroups is bimodal or trimodal or quadrimodal is unclear, but in our hands, the bimodal distribution is the typical curve generated and thus our preferred description of adipose cell size distribution. For additional detail on Multisizer curve profiles, the reader is referred to references 31-32, which depict numerous individual curves and demonstrate the scope and variability in lean and overweight subjects (32) , and changes with weight gain (31) .
The number of total body fat cells N was estimated by the following formula:
Average volume per cell was based on the relative number of cells per each given volume bin as represented by a cell volume histogram (generated by the Multisizer software), described by the following formula:
In other words, we used the sum of the volumes corresponding to bin i * the relative frequency (p i ) of that bin. (31) .
Statistical analysis
Results are presented as means ± SD. A p-value of < 0.05 was considered statistically significant. Potential predictors of cell size parameters were evaluated with both univariate and multivariate (general linear regression) models with adjustment for potentially contributing/confounding variables. The multivariate models included: 1) evaluation of peak diameter as a function of BF%, sex, and SSPG; 2) evaluation of %small cells as a function of BF%, sex, and SSPG; and 3) SSPG as a function of %body fat, sex, peak diameter, and %small cells. Adjustments were made for multiple comparisons, and testing for interactions between sex and other predictors was done. In order to determine whether adipose cell size or number changed significantly with increasing body fat mass, adipose cell size parameters were compared in individuals in the top versus bottom sex-specific quintiles of %body fat. Quintiles of % body fat were calculated separately for females and males by rank ordering % body fat (in the expanded group of n=160) and dividing into five groups with equal number of subjects in each group (ie quintiles). Finally, we selected the most IR and IS individuals (defined as SSPG≥ 180 or < 115 mg/dL, respectively) for comparison of peak diameter and %small cells between groups with ANCOVA, adjusting for sex and %body fat. Eliminating the mid-range SSPG subjects allows for more accurate comparison of those who are truly IR or IS, providing a supplement to correlational analyses.
Results
One-hundred forty-eight subjects met BMI and general eligibility requirements, and underwent both adipose tissue biopsy and insulin suppression test. In an attempt to obtain more pronounced differences in % body fat for a secondary analysis of adipose cell size indices in relationship to % body fat, an additional 12 subjects with BMI between 38.1 and 58 kg/m 2 , who met general eligibility requirements but did not undergo insulin suppression test, were included in this analysis. This group numbered 160, with 100 females (BMI 32.4±6.3 kg/m2) and 60 males (BMI 33.1±4.7 kg/m2). Demographic and clinical characteristics of the main cohort (n=148) are shown separately for males and females in Table 1 . BMI and % body fat were normally distributed for both sexes: whereas mean BMI and waist circumference were significantly higher in males, % body fat was significantly higher in females. Despite higher % body fat, females were less insulin resistant than males. As shown previously (23, 31, 32) , adipose cell diameters were distributed bimodally, that is, with the larger cells present in a Gaussian distribution and a distinct subpopulation of small cells defined as those with a diameter below the frequency nadir. Figure 1 shows representative curves for nine subjects with varied sex, BMI, and % body fat. Despite individual variability, the general pattern of two cell size subpopulations, large and small, on either side of a frequency nadir, is evident. Peak diameter (center of the Gaussian) of adipose cells was significantly lower in males vs females (105±14 vs 116±16um, p<0.001), even after adjustment for differences in % body fat and SSPG (p=0.036, Table 2 ). There was no significant sex difference in the % small cells, but the total body number of adipose cells was significantly increased in the males. Evaluation of the relationship between insulin resistance (SSPG) and adipose cell size parameters demonstrated modest but statistically significant relationships between SSPG and both peak diameter (Figure 2 , top right), and % small cells (Figure 2, bottom right) . These relationships persisted in multivariate analysis after taking into account % body fat and sex (Table 2) . Percent body fat was also independently predictive of insulin resistance, and female sex was protective (Table 2) . Formal testing for a sex interaction in the relationships between cell size parameters and insulin resistance was not statistically significant. Further evaluation of the relationship between adipose cell size parameters and insulin resistance included comparison of the subsets of the most IR and most IS individuals (n=129). Results, shown in Table 3 , demonstrate that the % small cells and the peak diameter of the large cells were significantly greater in the IR vs the IS subgroup, even after adjustment for sex and % body fat. Of note, when mean diameter, which includes both small and large cells, was used as an indicator of adipose cell size, no significant difference between groups was identifiable. In addition, while the calculated total body adipose cell number was similar between IR and IS subgroups, the number of large cells was significantly lower, and the ratio of small-to-large cells significantly greater, in the IR subgroup.
Analysis of the relationship between % body fat and adipose cell size parameters revealed a modest but significant direct association between % body fat and peak diameter of adipose cells (Figure 2, top left) . This association persisted after adjustment for insulin resistance and sex (standardized r= 0.26, p=0.14, Table 2 ). On the other hand, there was no association, in either univariate (Figure 2 , bottom left) or multivariate (Table 2) analysis, between % body fat and % small adipose cells. Formal testing for sex-interaction in the relationship between % body fat and both adipose cell indices was negative. Further evaluation of the relationship between body fat and cell size parameters in the expanded pool of 160 subjects with BMI range of 25 to 58 kg/m 2 is shown in Table 4 . Comparison of individuals in the top and bottom quintiles of %body fat (defined separately for each sex as those in the top and bottom 20%tile) showed that despite substantial differences (45-50%) in % body fat (p<0.001), peak diameter was only modestly increased in the top vs bottom quintile (difference of 7% for males, NS, and 8% for females, p=0.02). The % small cells did not differ significantly between the top and bottom %body fat quintiles (difference of 10% in males and 0% in females, both NS). On the other hand, total body adipose cell number was substantially greater in the top vs bottom %body fat quintile, and statistically significant in both sexes (difference of 74% for both males and females, p<0.001). Thus, while size of large cells and proportion of small-to-large cells changed little in extremes of %body fat, the total number of adipose cells increased dramatically with increased %body fat.
Discussion
The results of this study, which utilized a quantitative measurement of both insulin-mediated glucose disposal and adipose cell size distribution among healthy overweight to moderatelyobese individuals, demonstrate that insulin resistance is associated with both increased proportion of small adipose cells and increased size of large adipose cells independent of % body fat and sex ( Figure 2 , Table 2 ). Comparison of the most IR to most IS subjects, as shown in Table 3 , further depicts these relationships, showing an increase in the % small adipose cells, and the diameter of the large adipose cells in the most IR vs IS subgroups. Calculated number of total body large and small cells revealed a significant increase in the ratio of small-to-large cells in the IR vs IS subgroup, which was primarily due to a decrease in the absolute number of large adipose cells. Thus, it appears that insulin resistance is characterized by increased size but decreased number of large adipose cells, after adjustments for sex and % body fat. This is the largest study to date to examine both insulinmediated glucose uptake adipose cell size distribution with quantitative methods that go beyond mean adipose cell diameter and fasting insulin concentrations. Indeed, mean diameter (Table 3) in this analysis did not differ significantly between IR and IS subgroups. It is important to note that detailed adipose cell size distributions have now been reported by a number of groups (24, 31, (33) (34) (35) ,demonstrating associations with inflammation (33) and type 2 diabetes (34), as well as changes in response to overfeeding (31) and pioglitazone (24, 35) . Our interpretation of what appears to be a nearly bimodal distribution of adipose cells is that the larger normally-distributed cells represent mature cells and the subpopulation to the left of the frequency nadir, shown in Figure 1 , represent cells that are immature or incapable of maximally storing triglyceride.
These results extend and support our prior finding that the ratio of small/large cells was greater in IR vs IS obese nondiabetic individuals (23) . This study was small (n=24), and without adjustment for sex and %body fat, but adipogenic gene expression was decreased in adipose tissue samples of the IR subjects, leading to our current hypothesis that the accumulation of small cells reflects impaired terminal differentiation and triglyceride storage, potentially contributing to insulin resistance via deposition of fat in ectopic sites and/or hypertrophy of already mature adipose cells. While the hypothesis that impaired adipocyte differentiation and fat storage may contribute to insulin resistance has gained momentum and support, few studies have attempted to quantify the number of small cells, particularly in association with insulin resistance. Two papers showed that an increase in the number of small cells in response to pioglitazone was associated with improved insulin sensitivity (24, 35) -in this case it appeared that the increase in small cells reflected increased adipogenesis. A cross-sectional study (n=260) using Multisizer methodology, however, showed decreased total adipose cellularity and increased proportion of small cells in type 2 diabetic vs nondiabetic obese subjects (34), interpreted to indicate defective adipocyte differentiation. Another cross-sectional paper (36) using Multisizer methodology did not show an increased proportion of small cells in IR vs IS offspring of type 2 diabetics, despite showing decreased expression of adipogenic genes. This could be related to small sample size (n=35), leaner subjects (mean BMI 25.7 kg/m 2 ), relatively increased insulin sensitivity (M (GIR/LBM 60min 10.8), or genetic makeup (both groups had two first degree relatives with type 2 diabetes). Thus, current results add to existing literature by demonstrating an independent association between insulin resistance and increased proportion of small adipose cells.
The current results also extend prior reports describing an association between adipose cell size and insulin resistance. Specifically, after adjustment for %body fat and sex, we have shown that the size of the large adipose cells is directly associated with insulin resistance (Figure 2 , Table 2 ). Results corroborate reports from multiple older studies that examined insulin-mediated glucose uptake in isolated adipose cells (18) or correlated mean adipose cell size with various measures of insulin resistance in vivo (37) (38) (39) . Prior studies used cruder methods and relied on mean adipose cell size, and most included a range of lean to obese individuals, increasing possibility of confounding by BMI or body fat. In a prior publication from our group, we did not see an association between peak diameter and insulin resistance in cohort of moderately-obese healthy individuals. This study was small, however, and there was a trend towards larger peak diameter in the IR group (119 versus 115 μm), which in the context of the current findings, appears to have been due to lack of statistical power. Another study using similar methodology to the current analysis demonstrated that obese type 2 diabetics had larger "large" cells than similarly-obese nondiabetics, but smaller "small" cells (34) . Thus, the results of the current study add to accumulating data suggesting that enlargement of large adipose cells occurs in association with insulin resistance independent of BMI, perhaps as a result of impaired fat uptake in small adipose cells as described.
Finally, the current results demonstrate important relationships between peak adipose cell diameter and number in relationship to % body fat. Not surprisingly, peak diameter is significantly related to increased body fat ( Figure 2 , Table 2 ), which has been previously shown with older (4-6, 10) and newer methodology (34) in populations with wide-ranging BMIs. In the current analysis, restricted to those with BMI 25 kg/m 2 and above, however, this association is quite modest. Indeed, as shown in Table 4 , among individuals with BMI ranging from 25-58 kg/m 2 , comparison of the top and bottom quintiles of %body fat show that for a 50% increase in %body fat, the peak diameter of adipose cells increases only by 7%, whereas the adipose cell number increases by 74%. These data indicate that it is unlikely that increases in cell size alone can account for the increased fat storage capacity required with increasing body fat mass once individuals have exceeded normal body weight, and that increase in adipose cell number is an important component of fat storage when BMI exceeds 25 kg/m 2 . Whether this entails recruitment of existing preadipocytes or true proliferation of cells is not ascertainable from this study and further research should address this question.
Strengths of the current study include the relatively large size, with quantitative methods for measuring both insulin resistance and adipose cell size distribution, and the relative homogeneity of subjects with regard to general health status and BMI range. Limitations of the current study include the estimate of total body cell number from subcutaneous abdominal adipose tissue biopsy only. It has been shown that adipose cells differ in size not only within a given depot, but between depots, which can lead to differing estimates of total body cell number (4). To minimize this limitation, we have estimated the total cell number consistently for all subjects so the comparisons between subjects should be valid. Secondly, our subject sample is largely Caucasian, and thus our conclusions may not extrapolate to other ethnic groups. We also did not determine the age at which obesity began and are thus unable to differentiate between early-onset vs late-onset obesity. While large adipose cells might be subject to breakage, we did not perform collagenase digestion and immediately fixed cells in osmium, which prevents breakage. Furthermore, there is no published data or theoretical reason to believe that breakage would occur differentially according to insulin resistance group. Thus, the associations detected with insulin resistance in this study are unlikely to be affected by large adipose cell breakage. Finally, our data show a somewhat higher proportion of small adipose cells (50%) than shown by some investigators (30%) (21, 34) . We cannot rule out the possibility that some of the very small cells are lipidfragments or cell debris. However, numerous other studies using a variety of techniques have found substantial numbers of small cells (21, 23, 24, 32, 34) .That we find statistically significant relationships between the proportion of small-to-large cells with insulin resistance and inflammation (33) , and that separation of small from large adipose cells (22, 40) yields differential gene expression according to cell size, make it likely that the quantitative estimate of small cells is biologically meaningful, despite the possibility of some nondifferential background "noise".
In conclusion, the results of the current study demonstrate, in a sizable cohort of carefully selected and metabolically well-characterized overweight/moderately-obese adults, that: 1) accumulation of small relative to large adipose cells, both % and absolute number, is associated with insulin resistance; 2) peak diameter of adipose cells is associated with insulin resistance and % body fat; and 3) among overweight to morbidly-obese individuals, increases in % body fat are associated with relatively small increases in adipose cell size and require recruitment of additional adipose cells for triglyceride storage. Together these findings suggest that with expanding body fat mass, impairment in the ability to generate mature "large" triglyceride-storing adipose leads to accumulation of small adipose cells and is associated with insulin resistance. While these findings provide support for the hypothesis that impaired adipogenesis/fat storage in subcutaneous adipose tissue may contribute to systemic insulin resistance, further studies are needed to delineate the underlying mechanisms regulating triglyceride storage capacity, adipogenesis, and whether impaired terminal differentiation/triglyceride uptake in subcutaneous adipose cells is causally related to systemic insulin resistance. Representative Multisizer III cell size distribution curves from subcutaneous adipose tissue samples (approximately 6,000 adipose cells counted per sample) from nine subjects with varied % body fat (BF%) and BMI (kg/m 2 ). Of note is the Gaussian-like distribution of the large cells, and to the left of the frequency nadir, an increase in the relative number of small/ very small cells. Simple correlations (with unadjusted p-values) between peak diameter and % body fat (top left), peak diameter and SSPG (top right), % small cells and % body fat (bottom left), and % small cells and SSPG (bottom right). 
